The second largest Bam HI fragment (B2) of the chloroplast DNA in Triticum (wheat) and Aegilops contains a highly variable region (a hotspot), resulting in four types of B2 of different size, i.e. B2l (10.5kb), B2m (10.2kb), B2 (9.6kb) and B2s (9.4kb). In order to gain a better understanding of the molecular nature of the variations in length and explain unexpected identity among B2 of Ae. ovata , Ae. speltoides and common wheat ( T. aestivum ), the nucleotide sequence between a stop codon of rbcL and a Hin dIII site in cemA in the hotspot was determined for Ae. ovata , Ae. speltoides, Ae. caudata and Ae. mutica. The total number of nucleotides in the region was 2808, 2810, 3302, and 3594 bp, for Ae. speltoides , Ae. ovata , Ae. caudata and Ae. mutica, respectively, and the sequences were compared with the corresponding ones of Ae. crassa 4x, T. aestivum and Ae. squarrosa . Compared with the largest B2l fragment of Ae. mutica , a 791bp and a 793 bp deletion were found in Ae. speltoides and Ae. ovata, respectively, and the possible site of deletion in the two species is the same as that of T. aestivum. However, a deleted segment in Ae. ovata is 2 bp longer than that of Ae. speltoides (and T. aestivum ), demonstrating that recurrent deletions had occurred in the chloroplast genomes of both species. Comparison of the sequences from Ae. caudata and Ae. crassa 4x with that of Ae. mutica revealed a 289 bp and a 61 bp deletion at the same site in Ae. caudata and Ae. crassa 4x, respectively. Sequence comparison using wild Aegilops plants showed that the large length variations in a hotspot are fixed to each species. A considerable number of polymorphisms are observed in a loop in the 3' of rbcL . The study reveals the relative importance of the large and small indels and minute inversions to account for variations in the chloroplast genomes among closely related species.
INTRODUCTION
Genetic variations among chloroplast genomes of wheat ( Triticum ) and its close relatives ( Aegilops ) have been studied extensively for more than two decades (e.g. Vedel et al. 1978 , Ogihara and Tsunewaki 1982 , Bowman et al. 1983 , Tsunewaki and Ogihara 1983 , Ogihara and Tsunewaki 1988 , Miyashita et al. 1994 , Wang et al. 1997 . This is partly because wheat is one of the most important crops in the world, and partly because wheat evolution with allopolyploidy provides an attractive model to study the maternal lineages and the process of crop establishment. The complete nucleotide sequencing of the chloroplast DNA molecule of a common wheat, T. aestivum cv. Chinese Spring provides an immense step toward more understanding of this subject. Through these studies, inter-and intraspecific variations among chloroplast genomes of the two genera, as well as the molecular nature of the chloroplast DNA, has been clarified, and our knowledge on the picture of the maternal lineage of allopolyploid species in Triticum and Aegilops has been expanded. However, some problems remain; including the apparent identity of a particular chloroplast fragment (the second largest Bam HI fragment, 'B2' hereafter) observed among Ae. ovata , Ae.
Edited by Yoshio Sano * Corresponding author. E-mail: terachi@cc.kyoto-su.ac.jp speltoides and T. aestivum . The 'B2' fragment ( Fig. 1 ) contains an otherwise highly diverged region, 'hotspot', between the genes rbcL and petA in the wheat chloroplast genome, and Bam HI digestion of chloroplast DNAs from various Triticum and Aegilops species yields four types of fragment differing in size, i.e. B2l (10.5kb), B2m (10.2kb), B2 (9.6kb) and B2s (9.4kb) ). Many of the diploid species in the genera, such as Ae. mutica, Ae. bicornis, Ae. sharonensis, T. monococcm and Ae. comosa , contain the B2l fragment, whereas Ae. caudata, Ae. speltoides and Ae . squarrosa harbor the smaller fragments B2m, B2 and B2s, respectively. Restriction fragment pattern analysis revealed that most of the polyploid species in the genera exhibit an identical 'B2' to their possible maternal diploid ancestor, whereas Ae. ovata contains a B2 fragment (9.6kb) similar in size to that of Ae. speltoides and polyploid wheats. Ae. ovata is a tetraploid species in the section Polyeides, and contains a UM o nuclear genome. The origin of the B2 in Ae. ovata , therefore, can not be traced back to that of Ae. speltoides (S genome diploid) which is classified to the section Sitopsis.
In previous studies, we have made comparative sequence analyses among B2l, B2 and B2s fragments of Ae. crassa 4x, T. aestivum and Ae. squarrosa , respectively (Ogihara et al. 1991 , Ogihara et al. 1992 , revealing the nature of length mutations in the hotspot of the chloroplast genome of Triticum and Aegilops . With these studies, we proposed the hypothesis that a pair of direct repeats mediates a deletion of chloroplast sequence via intra-molecular recombination. Here we present the nucleotide sequences of the corresponding region of Ae. ovata and Ae. speltoides, as well as Ae. caudata and Ae. mutica , in order to gain a better understanding of the molecular nature of the variations in length in the chloroplast genomes of the genera. We also investigated whether observed length variations are fixed to the corresponding species or not, by using multiple samples for each species.
Since previous cytogenetic and molecular genetic studies definitely show that Ae. speltoides is the most likely candidate for the donor of both the B genome and plasmon to T. aestivum (Sarkar and Stebbins 1956 , Riley et al. 1958 , Ogihara and Tsunewaki 1988 , Dvorak and Zhang 1990 , Miyashita et al. 1994 , Sasanuma et al. 1996 , Wang et al. 1997 ), a sequence comparison among B2 fragments of the four species may provide new insight into the origin of the chloroplast genome of T. aestivum , and clarify why Ae. ovata harbors a similar B2 to T. aestivum . In addition, the present sequence analysis on the other 'B2' fragments will reveal how B2m in Ae. caudata was created at the molecular level. DNA manipulation Chloroplast DNAs were isolated from young seedlings of alloplasmic lines of common wheat (J02, C04, C13, C17, C31 and C35, in Table 1 ) by standard methods (Ogihara and Tsunewaki 1982) . The 2) a: Nucleotide sequence was determined in this report, b: The sequences were obtained from Ogihara et al. (1991) , but minor corrections were made by re-sequencing the problematic regions. c: A PCR fragment instead of cloned chloroplast fragment was used for the analysis. 3) For the accessions with KU number, more information is available at the data base Komugi (http:// www.shigen.nig.ac.jp/wheat/komugi/top/top.jsp) funded by National BioResource Project.
MATERIALS AND METHODS

Plant materials
second largest BamHI fragments, originally cloned into a BamHI site of a plasmid vector, pBR322 or pUC119, were used as a starting material for the sequencing study. A HindIII/PstI fragment in each of the B2 fragments was sub-cloned into a HindIII/PstI site of pUC119, and both strands of a cloned fragment were sequenced by the cycle sequencing procedures described below. As for the two alloplasmic lines (C19 and C14) and wild accessions, total DNA was extracted using a DNeasy Plant Mini Kit (Qiagen) according to the manufacturer's instructions. For these samples, the chloroplast fragment containing the regions between rbcL and cemA was amplified by PCR with the primers, B2/F (5'-TGAGTGTCTACGTGGTG-GAC-3') and B2/R (5'-CAAGCGAAGGAGATAGACGG-3'). The amplification was performed in a GeneAmp system 9600 (Perkin Elmer) under the following conditions; 30 cycles of denaturation (94°C, 1 min), annealing (60°C, 1 min) and extension (72°C, 3 min), followed by an extension (72°C, 10 min). PCR products were purified with a Suprec-02 filter (Takara Shuzo), and subjected to direct sequencing with a series of primers based on the corresponding chloroplast sequences of T. aestivum and Ae. crassa 4x (DDBJ accession nos. X62117 and X62118). Information on the sequencing primers is available upon request. The nucleotide sequence was determined by cycle sequencing procedures using a Thermo Sequenase kit (Amersham) with an ALF express autosequencer, or using a dye terminator cycle sequencing with quick start kit (Beckman Coulter) and a CEQ2000 autosequencer. The sequence data were analyzed with the software GeneWorks and MacVector (Oxford Molecular Group). The nucleotide sequences are deposited in the DDBJ/EMBL/ GenBank databases under the accession numbers AB180925 to AB180928.
RESULTS
Overall structure of a hotspot region in the chloroplast genomes of Triticum and Aegilops Using a cloned fragment of chloroplast DNAs from alloplasmic lines, complete nucleotide sequences of a hotspot region in Ae. speltoides (C17), Ae. ovata (C31), Ae. caudata (J02) and Ae. mutica (C13) were determined. In this paper, the sequence from immediately after a stop codon of the gene rbcL to a HindIII site in the gene cemA was analyzed in detail ( Fig. 1) Ae. caudata 
Numbers in parentheses indicate the total number of bases in the longest sequence.
2) The numbering starts from the first base in each region.
3) -denotes a missing base due to large length variations in the corresponding region.
tively. As expected from the data on T. aestivum (DDBJ accession no. AB042240, coordinate 56344~59150), three chloroplast genes, psaI, ycf4, and cemA, are present in this region with a pseudogene, ψrpl23. For convenience's sake, the sequence is divided into four intergenic (IG1-IG4) and four coding (CD1-CD4) regions (Fig. 1) .
The overall A+T content of this region is slightly higher than that for the entire chloroplast genome of T. aestivum (61.7%), ranging from 67.7% for both Ae. speltoides and Ae. ovata to 66.6% for Ae. caudata. The A+T content varied depending on the region; CD3 (coding region for ycf4) gave the lowest value (60.1%), whereas IG1 (intergenic region between rbcL and ψrpl23) showed the highest (78.1%). In general, the A+T content of the intergenic regions (71.8% on average) is higher than that of coding regions (64.8%), as already reported for T. aestivum and two other Aegilops species (Ogihara et al. 1992) . When the nucleotide sequences of the four Aegilops species were compared with those of T. aestivum (2807 bp, obtained from DDBJ accession no. AB042240), Ae. crassa 4x (3540 bp, DDBJ accession no. X62118 with minor corrections) and Ae. squarrosa (2565 bp, DDBJ accession no. X62119 with minor corrections), different types of mutations, including base substitutions, insertions/deletions (indels) and inversions, were detected as described below. Nucleotide sequences of the coding region of psaI (CD2) and cemA (CD4) are identical with each other among the seven species compared.
Large length variations found in the intergenic regions of a hotspot Relatively large (61bp-793bp) length variations were detected in three (IG1, IG2 and 
T. aestivum
1) A region forming a loop in the 3' of the gene rbcL (see Table 4 for detail).
2) -and + denote a deletion and an insertion of the sequence relative to T. asestivum (IG1, IG3 and IG4) or Ae. mutica (IG2).
IG4) of four intergenic regions among the seven chloroplast sequences. Compared with the largest B2l fragment of Ae. mutica, a 791bp and a 793 bp deletion were found in the IG2 of Ae. speltoides and Ae. ovata, respectively (Fig. 2, marked as A) . The possible deletion site is exactly the same as that of T. aestivum, where a pair of direct repeats, "CAT 7 " was found, relative to the B2l of Ae. crassa 4x. The sequence correspond to "sequence A" in . However, a deleted segment in Ae. ovata is 2 bp longer than that of T. aestivum and Ae. speltoides, since the remaining sequence at the site is 2 bp shorter in Ae. ovata than T. aestivum and Ae. speltoides. Similarly, comparison of the IG4 sequence (between the ycf4 and cemA genes) from Ae. caudata with the corresponding sequence of Ae. mutica revealed a 289 bp deletion in Ae. caudata (Fig. 2, marked as B) . At this site, a pair of direct repeats, "A 4 GAAGAA", was present in Ae. mutica and in the other five species. Furthermore, a 61 bp deletion (Table 3 , ∆176-236), relative to all species except Ae. caudata, was detected in the IG4 of Ae. crassa 4x (Fig. 2, marked as C) . A pair of direct repeats, "T 9 AT", was found at the site of this deletion. Table  2 summarizes a total of 22 base substitutions found in both intergenic and coding regions of a hotspot in the chloroplast genome. Three base substitutions were observed in each of CD1 (ψrpl23) and CD3 (ycf4), whereas two, five and nine were detected in IG1, IG2 and IG4, respectively. Table 3 shows all small indels observed in the regions analyzed. Apart from the variations in the 3' of the gene rbcL (to be described separately), a total of 11 small indels were observed only in the intergenic regions. Five of the 11 indels were 5~8 nucleotides long, and they were concentrated in IG1 and IG2. Among these five indels, four occurred at short direct repeats, and the remaining one at an inverted repeat.
Interspecific variations and polymorphisms
In order to check whether the large length variations are specific to the species or not, further sequence analysis was conducted by using multiple samples of wild Aegilops plants (Table 1) . Only the sequences relevant to the large length variations and to the 3' rbcL were determined for all plants with the selected sequencing primers. The sequence analysis of the deletion borders showed that all large length variations found in the alloplasmic lines of common wheat with Ae. speltoides, Ae. ovata and Ae. caudata cytoplasms are fixed to the corresponding species (data not shown). The results also revealed that a considerable number of polymorphisms are present in a loop of a stem-loop structure of the 3' of the gene rbcL (Table 4 ). In contrast, the sequence adjacent to the loop, including a pair of 17 bp inverted repeats (i.e. a stem), was monomorphic and highly conserved in all the accessions.
DISCUSSION
Recurrent deletions occurring at the same site resulted in the similar B2 fragments of Ae. ovata and Ae. speltoides Analysis of the restriction frag- 
Ae. caudata C02, cdt-a, -b, -c, -d T C G G C T C A A T C T T T T T T ------C T A A A A A A G A T T G A G C C G A 1
Ae. squarrosa C04, C19, sqr-a, -c, -d T C G G C T C A A T C T T T T T T --T T T T C T A A A A A A G A T T G A G C C G A 2 sqr-e T C G G C T C A A T C T T T T T T A G A A A A --A A A A A A G A T T G A G C C G A 3 sqr-b, sqr-f T C G G C T C A A T C T T T T T T ---T T T C T A A A A A A G A T T G A G C C G A 4
Ae. mutica mtc-a,-d T C G G C T C A A T C T T T T T T ---T T T C T A A A A A A G A T T G A G C C G A 4 C13, C14, mtc-b, -c, -e T C G G C T C A A T C T T T T T T A G A A A ---A A A A A A G A T T G A G C C G A 5 mtc-f T C G G C T C A A T C T T T T T T T T T T T T C T A A A A A A G A T T G A G C C G A 6
Ae. speltoides spl-b, -c T C G G C T C A A T C T T T T T T ----T T C T A A A A A A G A T T G A G C C G A 7 C17, spl-a, -d, -e, -f T C G G C T C A A T C T T T T T T A A G A ----A A A A A A G A T T G A G C C G A 8
Ae. ovata ovt-b, -d, -e T C G G C T C A A T C T T T T T T --T T T T C T A A A A A A G A T T G A G C C G A 2 ovt-c T C G G C T C A A T C T T T T T T A G A A A A --A A A A A A G A T T G A G C C G A 3 C31, ovt-a T C G G C T C A A T C T T T T T T A G A A A A A -A A A A A A G A T T G A G C C G A 9
Ae. carassa 4x C35
T C G G C T C A A T C T T T T T T ----T T C T A A A A A A G A T T G A G C C G A 7
T. aestivum CS T C G G C T C A A T C T T T T T T ----T T C T A A A A A A G A T T G A G C C G A 7
ment patterns of chloroplast DNAs revealed unexpected identity among the B2 fragment (9.6 kb) of Ae. ovata and Ae. speltoides (and polyploid wheats including T. aestivum). Since the diploid Ae. speltoides is classified into the section Sitopsis, it is difficult to consider Ae. speltoides as a maternal ancestor of the tetraploid Ae. ovata which belongs to the section Polyeides. This observation prompted us to study why B2 is shared among these species. The data presented here clearly demonstrated that an independent deletion which had occurred at the same site in the chloroplast genome of Ae. ovata and Ae. speltoides resulted in a B2 fragment of the same size. The conclusion is evidenced by a "footprint" which remains at the site of a possible deletion in the two species; they differ from each other by two bases, i.e. "CAT 10 " in Ae. speltoides (and T. aestivum), whereas "CAT 8 " in Ae. ovata. Recently, Ogihara and Ohsawa (2002) investigated various length mutations in the chloroplast genomes of Triticum and Aegilops species, mainly using alloplasmic lines of common wheat, and proposed as a possible molecular mechanism for the deletion, illegitimate recombination mediated by short direct repeats. The reported deletion in Ae. ovata (Del 4, in their paper) is 2 bases shorter than that found by us. The reason of this incongruity is not clear, but a fact that the six accessions of wild Ae. ovata have a completely identical deletion (∆157-943, Table 3 ) at this site to that of an alloplasmic line (C31) supports our sequence data. Although the same conclusion can be drawn for the target sequence in Ae. ovata, it should be emphasized that occurrence of the deletion in wild Ae. ovata was first proved in this report, showing a possibility that the deletion can be used as a molecular marker for distinguishing Ae. ovata from other related species in the section Polyeides. The present study also showed that the size and position of a large deletion in Ae. speltoides (∆159-943, Table  3 ) is completely identical to that of T. aestivum. The fact that all wild Ae. speltoides analyzed here also possess an identical deletion to this indicates that the origin of B2 of T. aestivum can be traced back to that of Ae. speltoides. This result strongly supports the previous conclusions that Ae. speltoides is a donor species of a chloroplast genome to common wheat (Ogihara and Tsunewaki 1988 , Miyashita et al. 1994 , Wang et al. 1997 . The fact that the other Aegilops species in the Sitopsis (e.g. Ae. bicornis) have B2l (not B2) fragment also supports this conclusions, though further work is needed to reveal the nature of B2l in Sitopsis at the sequence level.
Compared with the B2l fragment of Ae. mutica, a 61 bp deletion (∆176-236) was found in the IG4 of Ae. crassa 4x. The 61 bp deletion had not been studied in detail in previous studies, but it appeared that the deletion occurred in the same region as that of Ae. caudata, i.e. Del6 in Ogihara and Ohsawa (2002) . The results suggest that more variations will be disclosed among other B2l fragments by sequencing, although they could not be discriminated from each other by the previous studies using the restriction fragment patterns. The B2l of Ae. mutica, the longest fragment sequenced so far, therefore carries four pairs of short direct repeats, "CAT 8 ", "ATTAT", "A 4 GAAGAAT" and "T 8 AT", and each repeat which was present in the prototype sequence contributed to a deletion, resulting in B2, B2s, B2m and Ae. crassa's B2l, respectively (Fig. 2) . Our previous model proposing that the direct repeats mediate a deletion of the chloroplast sequence via intra-molecular recombination ) can be applied in all cases.
Other interspecific variations and polymorphisms found in the hotspot region of chloroplast genome Four base substitutions were observed among ycf4 genes from seven Triticum and Aegilops species. The A/G transition in Ae. ovata (+264) is synonymous, but the G/T transversion in Ae. caudata and Ae. mutica (+255) and A/ C transversion in Ae. squarrosa (+478) are non-synonymous. With these changes, the deduced amino acids in YCF4 should be changed from Leu to Phe (at position 85) in Ae. caudata and Ae. mutica and from Lys to Gln (at position 160) in Ae. squarrosa. The ycf4 gene is required for assembly and/or stable accumulation of the PSI complex (Boudreau et al. 1997) . Further studies are required to see if these amino acid changes affect the function of these polypeptide in the PSI complex or not.
Apart from the relatively large deletions described above and those occurring in the stem-loop of 3' rbcL, a total of 11 indels are found in the intergenic regions of a hotspot of the seven chloroplast genomes. Five of the 11 indels are multi-nucleotide indels (5-8 bases long), and four of them occurred in IG1. IG1 includes the region where the terminator sequence for the gene rbcL is located, and the region is quite A+T rich (78.1%). The region also contains various short tandem and inverted repeats, suggesting that the sequence composition itself is the source of variations. The correlation between the sequence composition and the fidelity of chloroplast DNA polymerase (Gaikwad et al. 2002 ) is worthy of further study. Including the multi-nucleotide indels, more than half of the variations in the intergenic regions were caused by small indels. Morton and Clegg (1993) have already pointed out that RFLP data derived from noncoding regions of the chloroplast genome should be used with caution in studies of intraspecific or intrageneric relationships. Close examination of the sequence, however, shows that some indels seem to be informative for the phylogenetic inference. For example, an insertion of "AGAAG" and a deletion of "ATGATC" in IG1 are shared by Ae. speltoides and T. aestivum. This may provide further evidence of the origin of the chloroplast genome of T. aestivum. Similarly, an insertion of "AATAAAT" in IG1, which is shared by Ae. squarrosa and Ae. crassa 4x, may represent a common history of their chloroplast genomes, since both species contain the nuclear genome D. More systematic studies on the pattern and frequency of indels, especially in the context of comparing the evolutionary rate with a simple base substitution, will help to include this type of variation of chloroplast genomes in the phylogenetic study of closely related species.
In this study, polymorphisms in the chloroplast genome were surveyed by direct sequencing, but data were available only for the limited regions. Nevertheless, a considerable number of polymorphisms are detectable in the sequence for a loop in the 3' region of the gene rbcL ( Table  4 ). The sequence is highly polymorphic; three types were found in each of Ae. mutica, Ae. squarrosa and Ae. ovata, and two types in Ae. speltoides, and a total of nine types were found in the samples. Close examination of the sequence shows the variations can be easily explained by an inversion of a loop sequence followed by a change in the number of mononucleotide repeats (Table 4 ). In general, the stem-loop of a chloroplast gene is a processing signal of the RNA 3'-end, and determines mRNA stability (Rott et al. 1998) . Because it is difficult to imagine that the stability of rbcL mRNA differs considerably within or between closely related species, the data suggest that the sequence in a stem is more important for function than that in a loop. There are 75 protein-coding genes in the wheat chloroplast genome and the stem-loop structure is frequently found in the 3' of the genes. We propose that a minute inversion in a loop sequence is one of the mechanisms producing polymorphisms in the chloroplast genome.
Historically, inter-and intraspecific variations of the chloroplast genomes in Triticum and Aegilops have been studied using restriction fragment patterns. In this study, we determined the nucleotide sequence to reveal the nature of variations in a hotspot region of the chloroplast genome. The study reveals that the variations resulted not only from a simple base substitution but also from large and small indels and minute inversions. Further sequencing with many more Aegilops plants will reveal the nature of the chloroplast genome's evolution between and within closely related species.
